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Edited by Takashi GojoboriAbstract Some members of the Pax (paired box) and Six (sine
oculis homeobox) gene families function as components of a gene
regulatory network controlling eye development. To investigate
the early evolution of the genetic interaction between Pax and
Six genes, we identiﬁed and sequenced members of the Pax
and Six gene families from primitive animals. Molecular phylo-
genetic analyses of the two gene families revealed that all gene
duplications that gave rise to diﬀerent subfamilies occurred be-
fore the divergence of cnidarians (ctenophorans) and bilaterians
and most of these duplications antedate the sponge-eumetazoan
split. Based on the fact that members of Six-1/2 subfamily have
genetic interactions with several types of Pax genes from three
diﬀerent subfamilies, it is possible that transcriptional regulation
between the Pax and Six genes was established in the common
ancestor of all metazoans.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Molecular phylogenetic analyses of several gene families in-
volved in cell–cell communication have revealed that extensive
gene duplication that gave rise to diﬀerent subfamilies with di-
verse functions occurred explosively in the very early evolution
of multicellular animals, before the divergence of sponges and
eumetazoans [1]. However, with a few exceptions, little is
known about the time of gene diversiﬁcation of transcription
factors involved in the regulation of animal development [2].
Although transcription factors can play biological roles only
by being integrated into gene regulatory networks, it is still
not clear whether the networks of transcription factors were
established in the early evolution of animals.
Some members of the Pax and Six gene families make a part
of synergistic and regulatory gene networks and play critical
roles in eye development [3]. Although it has been shown that*Corresponding author. Fax: +81 4 7136 4100.
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doi:10.1016/j.febslet.2007.03.027the diversiﬁcation of the Pax gene family by duplication oc-
curred before the divergence of sponges and eumetazoans [2],
it is not well understood how the Six gene family diverged.
Sponge homologues of Six genes have been partially se-
quenced [4], but the diversiﬁcation time of the Six gene family
has yet to be determined by using these sequences.
In general, a rough estimate for the time of gene duplication
can be obtained by inferring a composite tree of a gene family
including members from various species, because the branching
node of orthologous genes from diﬀerent species corresponds to
the speciation of these lineages. We identiﬁed members belong-
ing to the Pax and Six gene families from such primitive ani-
mals as poriferans (sponges), ctenophoran (comb jelly), and
cnidarians, and examined the diversiﬁcation time of the two
gene families by using composite trees inferred by accurate phy-
logenetic analyses. We also examined the initial state of the Pax
and Six gene network in the early evolution of animals.2. Materials and methods
2.1. Isolation and sequencing of cDNAs from non-bilaterian animals
The species and tissues used for the RNA extraction were as follows.
To reduce the risk of contamination with microorganisms attached to
sponge bodies, the total RNA of the fresh water sponge Ephydatia ﬂu-
viatilis was extracted from cells hatched from gemmules, and that of
the calcareous sponge Sycon calcaravis was extracted from larvae.
The total RNA of the comb jelly Coeloplana willeyi and sea anemone
Anthopleura japonica were extracted from whole bodies of individuals,
which were starved for over 24 h in artiﬁcial sea water. The total RNA
of the freshwater cnidarian Hydra magnipapillata was kindly provided
by Prof. T. Sugiyama.
The total RNAs were prepared using TRIzol reagent (Invitrogen) or
RNeasy Mini Kit (Qiagen) according to the manufacturers’ instruc-
tions, and were reverse-transcribed into cDNAs using oligo dT primer,
followed by PCR ampliﬁcation with degenerate primers corresponding
to conserved amino acid sequences within the paired box, Six domain,
and homeobox. Primer sequences were as follows: Pax sense primers,
5 0-CAGGATCCCARYTIGGNGGNGTNTT-30, corresponding to
the amino acid sequence QLGGVF and 5 0-GAGGATCCTTY-
RTNAAYGGNMGNCC-3 0, corresponding to F(V/I)NGRP. Pax
antisense primers, 5 0-GTGAATTCYKRTCNCKDATYTCCCA-3 0,
corresponding to WEIRD(R/K), and 5 0-GTGAATTCATYTCCC-
ANGCRAADAT-3 0, corresponding to IFAWEI. Six sense primer,
5 0-TCGGATCCWSNATHTGGGAYGGNGA-3 0, corresponding to
(S/T)IWDGE, Six antisense primers, 5 0-GCGAATTCCKRTTY-
TTRAACCARTT-3 0, corresponding to NWFKNR, and 5 0-
GTGAATTCAACCARTTNSHNACYTG-3 0, corresponding toblished by Elsevier B.V. All rights reserved.
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site at the 5 0 end (underline). The PCR conditions were as follows:
2 min denaturation step (94 C); the ﬁrst ﬁve cycles consisting of
1 min denaturation (94 C), 2 min primer annealing (from 46 C to
54 C), and 5 min extension (68 C); 30 cycles consisting of 30 s at
94 C, 1 min at 60 C, 2 min at 68 C; and 1 cycle consisting of
5 min at 60 C and 10 min at 68 C. Nested PCRs were performed, if
necessary, under the same conditions as the ﬁrst round PCR.
The PCR products of the expected sizes were cloned into the pT7
Blue vector (Novagen) and were sequenced using a BigDye Terminator
Cycle Sequencing Ready Kit on an ABI 377 or ABI 3100 DNA se-
quencer (Applied Biosystems). The full-length cDNA sequences were
obtained by 5 0 and 3 0 rapid ampliﬁcation of cDNA ends. At least three
independent clones were sequenced for each identiﬁed gene. The nucle-
otide sequences with the following accession numbers were submitted
to the DDBJ/EMBL/GenBank databases: Pax-B (AB239687), Pax-C
(AB239688), Pax-D1 (AB239689), Pax-D2 (AB239690), Six-A
(AB239695), Six-C (AB239696) from Anthopleura japonica, Six-A
(AB239697), Six-B (AB239698) from Hydra magnipapillata, Pax-A
(AB239691), Pax-B (AB239692), Six-A (AB239699) Six-B1
(AB239700), Six-C (AB239701) from Coeloplana willeyi, Six-C
(AB239693) from Ephydatia ﬂuviatilis, and Six-C (AB239694) from
Sycon calcaravis.
2.2. Sequence alignment and phylogenetic tree inference
The amino acid sequences were aligned by MAFFT [5], and then
manually inspected and realigned, if necessary. Positions with align-
ment gaps and regions of ambiguous alignment were excluded from
the phylogenetic analyses. The phylogenetic trees were inferred using
the maximum likelihood method with the genetic algorithm imple-
mented in the GAMT program [6]. The robustness of the inferred trees
was tested with a reliability index and intact bootstrap resampling with
100 replicates.
To identify the root of the Pax tree, the sequences of homeobox-
containing genes without a paired box were used as an outgroup.
Similarly, the homeobox-containing genes without the Six domain
were employed to identify the root of the Six tree. The root position
of each tree was inferred with the ML method, and the log likelihood
value of the best tree was compared with those of the trees with alter-
native root positions. The Kishino–Hasegawa test, the approximately
unbiased test, and bootstrap test were also carried out by using the
CONSEL program [7].3. Results and discussion
3.1. Phylogenetic analysis of the Pax and Six gene families
We isolated and sequenced genes belonging to the Pax and
Six gene families from such primitive animals as poriferans,
a ctenophoran, and cnidarians by PCR ampliﬁcation with
degenerate primers. We identiﬁed 15 new cDNAs, six of which
encode proteins belonging to the Pax gene family and the
other nine to the Six gene family. The deduced amino acid se-
quences of the newly identiﬁed genes and those of known genes
in the public databases were used to infer composite trees of
each Pax and Six gene family by using a heuristic maximum
likelihood method. To obtain more reliable trees, partial se-
quences were excluded from the phylogenetic analyses. The
long branches leading to the Pax-D1 gene from sea anemone
and the Six-C gene from Sycon indicate a high rate of molec-
ular evolution in these two lineages, but removal of these two
genes from the phylogenetic inferences did not aﬀect the tree
topologies.
The phylogenetic tree of the Pax gene family (Fig. 1) shows
that genes with similar domain organizations are clustered to-
gether to form subfamilies, except for two Pax-C genes from
sea anemone and coral. Likewise, members of each subfamily
form clusters on the Six tree (Fig. 2), although Six genes are
classiﬁed into three diﬀerent subfamilies according to charac-teristic tetrapeptide sequences within the homeodomain [8],
but not according to the domain organization. Six genes with
the same tetrapeptide sequences form monophyletic groups on
the tree, except for the Six-B1 gene from ctenophore, which
has a tetrapeptide sequence ETSY. On the trees of the Pax
and Six gene families, the phylogenetic relationships within
members of several subfamilies are not in agreement with
organismal phylogeny. The sequences used for tree inferences
are highly conserved between the members of subfamilies,
and the high degree of sequence conservation might be partly
responsible for the limited resolution of the tree topologies
within subfamilies. Two Pax genes from the ctenophore sam-
ple form a distinct clade from the other subfamilies. It is not
clear whether these ctenophore Pax genes deﬁne a novel sub-
family or it is simply an artifact due to their high rate of evo-
lution.
In three of ﬁve Pax subfamilies, i.e., Pax-2/5/8, pox neuro,
and Pax-3/7, corresponding orthologues are found in cnidari-
ans. This phylogenetic tree of the Pax gene family is indeed un-
rooted, yet indicating that all four duplications that gave rise
to diﬀerent subfamilies occurred before cnidarians and bilate-
rians diverged, no matter where the tree is rooted. The antiq-
uity of subfamily-generating duplication is more clearly
observed in the tree of the Six gene family: the presence of
pairs of orthologous genes from both cnidarians and bilateri-
ans in all three subfamilies indicates that these three subfami-
lies are ancient and both subfamily-generating duplications
antedate the cnidalian–bilaterian split. These results are in
agreement with previous studies on the Pax and Six gene fam-
ilies [9,10].3.2. Root positions of the Pax and Six gene families
In the Pax and Six gene families, genes from sponges are
identiﬁed in only one subfamily, and such limited identiﬁcation
based on unrooted trees fails to reveal whether the subfamilies
of these two gene families were established before or after the
divergence of sponges and eumetazoans. In order to root the
trees, homeobox-containing genes without a paired box or a
Six domain were used as outgroups. The Pax-1/9 subfamily
was excluded from the root estimation because no member
of the Pax-1/9 subfamily contains any homeobox sequence.
The root position of the Pax tree was determined. Based on
the phylogenetic relationship of the Pax genes inferred from
paired box sequences, all possible branch positions of the out-
group were statistically examined using likelihood values and
bootstrap probabilities. The possible tree topologies were di-
vided into ﬁve types according to the branching position of
the outgroup (Fig. 3a). The sum of the bootstrap value is as
high as 87% for trees whose roots are placed in and around
the Pax-3/7 subfamily, and the maximum likelihood tree is
also included in this type. A previous study based on a smaller
data set of the Pax and outgroup sequences placed the root in
the same position [2]. The root in and around the Pax-3/7 sub-
family suggests that two of three subfamily-generating gene
duplications occurred before the sponge-eumetazoan split,
namely, three groups of subfamilies (i.e., Pax-3/7, Pax-2/5/8,
and a combined group of Pax-4/6 and pox neuro subfamilies)
diverged in the early evolution of animals. Second, the same
analysis on the Six gene family (Fig. 3b) showed that the root
of the maximum likelihood tree whose roots are in the Six-3/6
subfamily and the total bootstrap value of the trees rooted in
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Fig. 1. Unrooted tree of the Pax gene family. From the comparison of paired domain sequences, a phylogenetic tree was inferred by a heuristic
approach using the ML method (see Section 2). Heterogeneity of evolutionary rates among sites is modeled by a discrete gamma distribution with a
shape parameter alpha of 0.49. The numbers on each branch represent the reliability index and the bootstrap value (%). Bootstrap values below 50%
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the Six-3/6 subfamily again represents that both two subfam-
ily-generating gene duplications were completed before the
divergence of sponges and eumetazoans.
These results suggest that most subfamilies belonging to the
Pax and Six gene families had already been established in the
common ancestor of Metazoa. In many gene families involvedin cell–cell communication, subfamilies with diﬀerent struc-
tures or functions diverged through gene duplication before
the separation of sponges and eumetazoans [1]. The repertoire
of the Pax and Six genes isolated from sponges, however, is
quite small when it is compared with those of other gene fam-
ilies involved in cell–cell communication. In fact, sponge
orthologous genes have been identiﬁed in only one subfamily
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tions that gave rise to the subfamilies of the two gene families
occurred before the separation of sponges and eumetazoans,
there are two possibilities: one is that several members of the
Pax and Six gene families might have been lost in the lineage
of sponges; the other is that these members have not yet been
successfully identiﬁed from sponges.
It is also possible that the root of the tree is in another posi-
tion for both the Pax and Six gene families, and especially, we
should note that it is still possible for the root to be in and
around the subfamilies in which orthologues from sponges
are identiﬁed (i.e., Pax-2/5/8 and Six-1/2 subfamilies). If the
root is located in and around the subfamily including genesfrom sponges, this implies that there was no or only one sub-
family-generating gene duplication before the divergence of
sponges and eumetazoans.
3.3. Origin of the genetic interaction between the Pax and Six
genes
A series of transcriptional regulators, Pax, Six, eyes absent,
and dachshund, which belong to four diﬀerent gene families,
function synergistically to regulate eye development in Dro-
sophila [3]. It is now emerging that several members of these
four gene families are also involved in muscle formation [11]
and early kidney development [12] in mammals. Transcrip-
tional regulation between the Pax and Six genes has been iden-
Pax-2/5/8 pox neuro
Pax-4/6
Pax-3/7
vertebrate
Drosophila
Pax-1/9
sponges
2
3
5
4
Six-4/5
Six-3/6
Six-1/2
ML sponges
1
2
3
1
ML
KH au BPsubfamily Δln L ± σnd
P-values
1. Pax-3/7 ML 0.60 0.85 0.872
2. Pax-2/5/8 -3.3 ± 3.8 0.18 0.53 0.131 or 0
3. pox neuro -5.6 ± 3.6 0.07 0.04 0.013
4. between 3/7/2/5/8
    and pox neuro/4/6 -3.9 ± 3.7 0.14 0.15 0.012
5. Pax-4/6 -5.6 ± 3.6 0.07 0.04 0.003
nd, the number of subfamily generating duplications before sponge-eumetazoan split
KH au BPsubfamily
P-values
1. Six-3/6 ML 0.51 0.82 0.852
2. Six-1/2 -3.1 ± 2.9 0.14 0.26 0.101 or 0
3. Six-4/5 -3.3 ± 2.8 0.12 0.14 0.062
nd, the number of subfamily generating duplications before sponge-eumetazoan split
ba
Δln L ± σnd
Fig. 3. Determination of the root position using homeobox sequences as an outgroup. (a) The root of the Pax tree was inferred among the Pax
subfamilies with paired-type homeobox sequences. Eight homeobox-containing genes without paired domain sequences were used as an outgroup.
The alignment of 37 amino acid residues, which was reduced in length due to the large divergence of the sponge Pax gene, was used for the inference
of the phylogenetic tree. Tree topology of the Pax genes was ﬁxed according to that inferred from paired box sequences. All possible root positions
indicated by the placement of the outgroup were examined, and were divided into ﬁve diﬀerent types according to the position of the root. nd, the
estimated number of subfamily-generating duplications before sponge-eumetazoan split; DlnL, diﬀerence in log-likelihood of the most likely tree in
each type from that of the ML tree; KH, the best P-value obtained by the Kishino–Hasegawa test in each type; au, the best P-value of the
approximately unbiased test in each type; BP, the sum of the bootstrap values in each type. The root of the Six tree was inferred among all the Six
subfamilies. Two homeobox-containing genes lacking Six domains were used as an outgroup. The phylogenetic tree was inferred from 57 amino acid
sites. Symbols as in (a).
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Pax-3/7 and Pax-2/5/8) of Pax genes and one subfamily
(Six-1/2) of Six genes [13–15]. In other words, Pax genes
belonging to the three diﬀerent subfamilies, which diverged
in the early evolution of animals, are involved in gene regula-
tory pathways together with Six genes. Moreover, considering
the presence of homologues from sponges in both the Pax and
Six gene families, it seems likely that a genetic interaction be-
tween the Pax and Six genes was established in the common
ancestor of all metazoans. After the establishment of this
genetic relationship between the Pax and Six genes, the pair
appears to have been integrated into the control of develop-
mental processes such as eye formation.
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